Traditional microbiological techniques are used to provide reliable data on the rate and extent of kill for a range of biocides. However, such techniques provide very limited data regarding the initial rate of kill of fast-acting biocides over very short time domains. This study describes the application of a recombinant strain of Escherichia coli expressing the Photorhabdus luminescens lux operon as a whole-cell biosensor. Light emission is linked directly to bacterial metabolism; therefore, by monitoring light output, the impact of fast-acting biocides can be assessed. Electrochemically activated solutions (ECASs), bleach, Virkon, and ethanol were assessed at three concentrations (1%, 10%, 80%) in the presence of organic soiling. Over a 2-s time course, 80% ECAS produced the greatest reduction in light output in the absence of organic load but was strongly inhibited by its presence. Eighty percent ethanol outperformed all tested biocides in the presence of organic soil. Bleach and Virkon produced similar reductions in bioluminescence at matched concentrations within the time course of the assay. It was also demonstrated that the assay can be used to rapidly assess the impact of organic soiling. The use of bioluminescent bacteria as whole-cell bioreporters allows assessment of the relative efficacies of fast-acting biocides within milliseconds of application. The assay can be used to investigate activity over short or extended time domains to confirm complete metabolic inhibition of the bioreporter. Moreover, the assay may enable further elucidation of their mechanism of action by allowing the investigation of activity over time domains precluded by traditional microbiology.
The efficacy of electrochemically activated solutions (ECASs) as fast-acting bactericidal and sporicidal biocides active against a range of organisms has been previously reported (26) . It was noted that traditional microbiological methods were limiting in terms of elucidating the efficacy of biocides with a rapid mode of action, particularly during the early stages of kill. Loshon et al. (18) had similar difficulties when assessing the kill rate of a related biocide against spores of Bacillus subtilis. Traditional recovery count methods are limited by the frequency of the sampling time and the duration required to transfer the sample to a neutralizing diluent. This limitation is exacerbated when examining fast-acting biocides, where the time required for removal of a sample and adequate mixing with a neutralizer may be significant in terms of the kill kinetics. Few studies directly compare biocides using suitable methods, and the availability of simple, nonspecific tests is of benefit to users in selecting a biocide appropriate to their needs (31) . This study describes a real-time technique, utilizing bioluminescent bacteria as whole-cell bioreporters of the very early stage of kill, for a range of fast-acting biocides under clean and dirty conditions.
Bioluminescence occurs throughout nature in many species, the most abundant of which are bacteria (23) . Most bioluminescent bacteria have been classified into the genera Vibrio and Photobacterium (both marine dwelling), along with a single terrestrial example, Photorhabdus luminescens (24) . Bioluminescence provides an ideal bioreporter system that produces a physical rather than chemical signal, thus avoiding accumulation of compounds that may lead to toxicity or instability, as has been shown with green fluorescent protein expression in Escherichia coli (29) . Light emission can be accurately measured with a high level of sensitivity (using an appropriate apparatus) in a nondestructive fashion and in real time (3) .
It has been shown that the Vibrio fischeri lux operon can be inserted into and expressed in E. coli via a transposon to generate a bioluminescent phenotype that did not require the addition of exogenous substrate (12) . The lux genes required for bacterial bioluminescence are arranged in a single operon, luxCDABE. Since the operon encodes not only the luciferase (luxAB) but also the enzyme complex responsible for the synthesis of the luciferin substrate (luxCDE), all that is needed to produce light in a recombinant aerobic bacterium is the expression of the lux operon (14) . An appropriate luciferase system must be utilized to produce a stable bacterial reporter. The luciferase from V. fischeri is unstable in E. coli at temperatures in excess of 30°C, and that of Vibrio harveyi is unstable at temperatures in excess of 37°C. The luciferase of Photorhabdus luminescens was found to be stable in E. coli at up to 42°C (14) , making it well suited to the study of human pathogens. The reaction is dependent upon the oxidation of reduced flavin mononucleotide (FMNH 2 ), part of the electron transport system. Therefore, in a lux-expressing bacterial cell where FMNH 2 is constantly supplied, in the presence of adequate O 2 levels, bioluminescence remains at a constant level (23) . The coupling of bioluminescence to bacterial metabolic activity has afforded a unique means of studying the effect of antimicrobial compounds on bacteria in real time. The novel antimicrobial linezolid has been tested on Streptococcus pneumoniae expressing the P. luminescens lux operon. Bioluminescence point read-ings and recovery counts were performed hourly over 12 h and showed that bioluminescence gave an earlier indicator of cellular recovery than counting techniques (1). The same strain was used in a study of the efficacy of the fluoroquinolone antibiotic gemifloxacin, and light output was found to correlate with optical density measurements and viable counts during exponential growth (2) . Other fluoroquinolones, including moxifloxacin and ciprofloxacin, have been used to challenge bioluminescent E. coli (27) and Pseudomonas aeruginosa (20) , the latter in a continuous perfusion model of biofilm growth. Bioluminescent bacteria have also been used as an in vitro wound model for testing antimicrobial wound dressings (32) . In all cases, expression of lux was shown to be a sensitive, real-time reporter of antimicrobial efficacy. Bacterial bioluminescence has also been utilized to assess the susceptibility of bacteria to biocides. Dhir and Dodd (10) used bioluminescent Salmonella enterica serovar Enteritidis to assess the susceptibility of the organism to phenol, chlorhexidine digluconate, and Virkon and acknowledged that bioluminescence could be used with confidence in circumstances where viable counting was impractical. Choi and Gu (8) used bioluminescent E. coli to assess membrane-damaging biocides such as phenol and ethanol, monitoring luminescence at 15-min intervals. It was concluded that bioluminescence may be used to distinguish the mechanism of action of biocides.
In addition to bacterial bioluminescence, ATP bioluminescence assays are commonly used to detect bacterial survival following decontamination treatments and are considered a rapid, simple approach to monitoring surface sanitation (17) . Such approaches provide endpoint data following the application of a biocide and require biocide neutralization prior to detection and the addition of exogenous substrates. Our study uses self-bioluminescent bacteria as real-time reporters of the impact of fast-acting biocides at the point of application.
The main objectives of this study were to determine whether a bioluminescent reporter strain could be used as a whole-cell bioreporter to compare the efficacy of a range of fast-acting biocides and the impact of organic loading on that efficacy. E. coli Nissle 1917 was selected for this study due to the inherent safety of its probiotic nature, coupled with rapid growth on complex media. Following transformation, it proved to be a bright, stable, and consistent bioluminescent reporter, allowing the full dynamic range of the test luminometric equipment to be utilized. The ability to monitor the effect of fast-acting biocides on a bioluminescent reporter in real time would allow simple direct comparisons of the efficacy of biocides, the determination of optimum working concentrations, and the direct effect of interfering substances (organic loading) to be assessed.
MATERIALS AND METHODS
Construction of bioluminescent reporter strain. E. coli Nissle 1917 was transformed with the recombinant plasmid pGLITE (25) , encoding the P. luminescens lux operon from plasmid pLITE27 (19) inserted into the broad-host-range plasmid PBBR1MCS-2. Plasmid DNA was extracted from E. coli DH5␣/pGLITE using a Wizard Plus SV Minipreps DNA purification system (Promega, Southampton, United Kingdom ; NaCl, 5 g liter Ϫ1 ) and grown in an orbital shaker at 37°C and 200 rpm for 18 h. One milliliter of this was transferred aseptically to an Erlenmeyer flask containing 200 ml fresh, prewarmed LB broth and grown at 37°C and 250 rpm until an optical density at 600 nm (OD 600 ) of 0.5 was achieved. The cells were chilled on ice for 15 min, before being transferred to sterile 50-ml Falcon tubes and centrifuged for 20 min at 3,000 ϫ g at 4°C (ALC PK121R; Jouan, Milan, Italy). The supernatant from each tube was discarded and cells were resuspended in 50 ml ice-cold 10% glycerol. The cells were then washed and resuspended in 25 ml, 5 ml, and, finally, 100 l ice-cold 10% glycerol. Forty microliters of cell suspension was transferred to a chilled sterile Eppendorf tube and incubated on ice with 2 l plasmid DNA for 1 min. The mix was transferred to a 2-mm electroporation cuvette (Bio-Rad Laboratories Ltd., Hemel Hempstead, United Kingdom) and pulsed once in a Bio-Rad GenePulser Xcell at 3 kV with a 25-F capacitor and 200-⍀ parallel resistor. Immediately following the pulse, 1 ml room temperature SOC resuscitation medium (4) (2.0 g tryptone, 0.5 g yeast extract, 0.2 ml 5 M NaCl, 0.25 ml 1 M KCl dissolved in 90 ml water, pH adjusted to 7.0, and then the volume was brought to 100 ml and autoclaved and 1.0 ml sterile 1 M MgCl 2 , 1.0 ml sterile 1 M MgSO 4 , and 2 ml filter-sterilized 1 M glucose were added) was added to the cuvette. The contents of the cuvette were transferred to a sterile Eppendorf tube and incubated at 37°C for 1 h with shaking at 225 rpm. Cells were diluted into sterile Ringer's solution and spread plated onto LB agar supplemented with 10 mg liter Ϫ1 kanamycin (Sigma-Aldrich Company Ltd., Poole, United Kingdom). Plates were checked for transformants after 24 and 48 h using a high-resolution photon-counting system (HRPCS-3; Photek, St Leonards on Sea, United Kingdom). Transformants were subcultured on LB agar supplemented with 10 mg liter Ϫ1 kanamycin.
Preparation of inoculum. E. coli
Nissle 1917/pGLITE was grown for 18 h in nutrient broth supplemented with 10 mg liter Ϫ1 kanamycin. This was subcultured 1:1,000 into 100 ml fresh prewarmed nutrient broth supplemented with 10 mg liter Ϫ1 kanamycin and grown at 37°C with shaking at 250 rpm until an OD 600 of 0.5 was achieved. The cells were then centrifuged for 20 min at 3,000 ϫ g, washed twice in an equal volume of sterile Ringer's solution, and then resuspended in 10 ml sterile Ringer's solution.
Preparation of biocides. Bleach was prepared by diluting a commercial sodium hypochlorite solution (Pattersons bleach; Pattersons Ltd., Bristol, United Kingdom) in deionized water. Ethanol was prepared similarly by diluting absolute ethanol (Fisher Scientific, Loughborough, United Kingdom). Virkon (Antec International, Sudbury, United Kingdom) was prepared from 1% (wt/vol) powder in deionized water, according to the manufacturer's instructions, and further diluted in deionized water to the concentrations used in the assay. ECAS was generated according to the manufacturer's instructions (Purest Solutions Ltd., London, United Kingdom) with a pH of 2.2 to 2.4 and a redox potential of 1,170 to 1,180 mV and diluted in deionized water where required.
Luminometric assay. Thirty microliters of inoculum was added to a clean borosilicate glass tube (12 by 75 mm; Fisher Scientific, Loughborough, United Kingdom) and loaded into a Sirius luminometer (Berthold Detection Systems, Pforzheim, Germany). In addition, 30 l of fetal bovine serum (FBS), 15 l of FBS and 15 l of Ringer's solution, or 30 l of Ringer's solution alone was added to represent 10%, 5%, and 0% organic soiling, respectively. The automated protocol included a 10-s delay to allow light levels to equilibrate. Bacterial bioluminescence was recorded every 0.2 s for 15 s prior to automated injection of 240 l of biocide (diluted where appropriate), followed by a further 105 s of data collection. Control light levels were established by replacing the biocide with Ringer's solution, and background light levels were established by replacing the inoculum with Ringer's solution.
RESULTS
Preparation of the inoculum as described resulted in a culture with levels of bioluminescence approaching the upper limit of the tube luminometer, affording a full 5 decades of dynamic range. Direct comparisons of rates of reduction can be made over this range; however, a number of important factors must be considered. When considering log 10 reductions in viable survivors, care must be taken to ensure a uniform initial inoculum in order to make valid comparisons. Similarly, when considering log 10 reductions in bioluminescence, a uniform initial light output is a prerequisite for direct comparability. Figure 1a Figure 1b shows the effects of different concentrations of Virkon on bacterial bioluminescence, also in the presence of 10% FBS. Preinjection bioluminescence was again consistent: 1% Virkon produced no measurable difference compared to the control (data not shown), and 10% and 80% clearly reduced bioluminescence. However, when measuring background bioluminescence, following the injection of Virkon, background light levels increased over 100-fold and remained 10-fold higher than the preinjection values for the remainder of the assay. This luminescent emission from the reagent blank was also observed to a greater extent with bleach and a lesser extent with ECAS (data not shown). In all cases, light emission from the reagent blank following injection of disinfectant was greatest using 80% biocide and 10% FBS. This suggests a light-bearing reaction between some of the tested biocides and FBS. This luminescent emission from the organic load significantly reduced the dynamic range of the instrument. Light output from a population, which is decreasing rapidly, can become conflated with that from a strongly emitting reagent blank. This is shown clearly in Fig. 1b , where the rate of decrease in light output from the population treated with 80% Virkon changes significantly at the point where the kill curve intercepts the background curve. Therefore, endpoint comparisons between biocides under conditions where light levels from the reagent blank would interfere with the kill curve are better served by traditional microbiology. However, valid comparisons can still be made during the very early stages of treatment, before background bioluminescence is reached. It has already been demonstrated that fast-acting biocides like ECAS can achieve a total kill of viable vegetative bacteria within 10 s of treatment (26, 30) . These time domains can be investigated reliably only in real time, by using the target bacteria as whole-cell bioreporters. The Sirius luminometer was selected as a detector as it can report light levels at 0.2-s time intervals, allowing up to 11 measurements to be taken over the first 2 s of treatment. Figure 2 shows that even within very short time domains, the effect of the type and concentration of biocide, along with the level of organic soiling, can be quantified by using bacterial bioluminescence. The rate of decrease in bioluminescence is listed in terms of log 10 RLU s Ϫ1 in Table 1 . At a concentration of 1% (Fig. 2a) , in the absence of organic soiling, of the four biocides tested, ECAS produced the most rapid decrease in light output (Ϫ0.379 log 10 RLU s Ϫ1 ), followed by Virkon and bleach. One percent ethanol resulted in a small increase in emitted light. Increasing the serum concentration to 5% (Fig.  2d) and 10% (Fig. 2g) reduced the decrease in light output, and at 10% FBS the light levels of the biocides were indistinguishable from both one another and the pretreatment light level, suggesting no measurable activity within the 2-s test period.
At a biocide concentration of 10%, in the absence of FBS (Fig. 2b) , the reduction in light output produced by ECAS was substantially greater (Ϫ1.632 log 10 RLU s Ϫ1 ) than that produced by the other biocides. Ten percent ethanol produced a decrease of Ϫ0.414 log 10 1% (a, d, and g ), 10% (b, e, and h), and 80% (c, f, and i) in the absence of organic soiling (a to c) or in the presence of 5% (d to f) and 10% (g to i) fetal bovine serum. Light output is measured in RLU Ϯ SD (n ϭ 12).
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on October 15, 2017 by guest http://aac.asm.org/ and bleach, respectively. Increasing the FBS concentration to 5% (Fig. 2e) reduced the rate of decrease in bioluminescence produced by ECAS to Ϫ0.741 log 10 RLU s Ϫ1 and reduced that produced by Virkon to Ϫ0.082 log 10 RLU s Ϫ1 , and with bleach, it produced a slight increase in light emission over the course of the assay. At a concentration of 10% (Fig. 2b) , Virkon and bleach performed similarly, despite the concentration of Virkon being below what would typically be used in practice. At a concentration of 10% and in the presence of 10% FBS, the light levels for ECAS, bleach, and Virkon were indistinguishable from each other and the pretreatment light level. Ethanol was unaffected by increasing FBS to 5%, and this was also the case using 10% FBS (Fig. 2h) .
At a concentration of 80% and in the absence of FBS (Fig.  2c) , ECAS produced the greatest log 10 reduction and the most rapid decrease in light output (Ϫ2.336 log 10 RLU s Ϫ1 ) of all biocides tested. Treatment with 80% ethanol was second only to treatment with ECAS in the rate and extent of reduction in bioluminescence, achieving a rate of reduction in light output of Ϫ2.166 log 10 RLU s Ϫ1 . In the absence of FBS, 80% Virkon produced a greater reduction in bioluminescence than 80% bleach. Adding FBS at 5% (Fig. 2f ) affected all biocides with the exception of ethanol. The reduction in light output observed when treatment was with ECAS dropped to Ϫ1.579 log 10 RLU s Ϫ1 , and the decrease in bioluminescence produced by Virkon dropped from Ϫ1.046 to Ϫ0.661 log 10 RLU s Ϫ1 . Bleach produced a slightly greater reduction in light output in the presence of 5% FBS than in its absence. Further increasing the FBS to 10% reduced the decrease in bioluminescence for all biocides tested with the exception of ethanol, which was not inhibited by organic soiling. In the presence of 10% FBS, ECAS produced the smallest reduction in light output of all disinfectants tested at this concentration, at Ϫ0.165 log 10 RLU s Ϫ1 . The data suggest that ECAS acts very rapidly, but its activity is heavily influenced by the level of organic loading. Bleach and Virkon also had a reduced impact on bioluminescence in the presence of 10% FBS, at Ϫ0.474 and Ϫ0.340 log 10 RLU s Ϫ1 , respectively.
DISCUSSION
The bacterial lux system has been used extensively as a biosensor in applications ranging from assessing biocides incorporated into plastics (15) and thermal inactivation (10) to monitoring environmental pollutants using either naturally bioluminescent or genetically modified organisms (13) . V. fischeri has been used as a biosensor for rapid screening of environmental samples from a wide range of sources (11) . However, these systems are not routinely applied to the testing of biocides, as the time domains involved are much shorter than the 5-to 20-min exposures used for environmental toxicity testing (21) . This study has demonstrated, through use of a recombinant strain expressing the full lux operon and appropriate monitoring, that bacterial bioluminescence can reveal the comparable activity of different biocides and the impact of organic soiling over time domains which would be precluded by traditional microbiological methods.
European Standard test protocols for biocides specify contact times of 5 min Ϯ 10 s (obligatory) to a minimum of 1 min Ϯ 10 s (additional) to assess bactericidal activity (EN 1276:1997 [5] and EN 1040:2005 [7] ) or 60 min Ϯ 10 s (obligatory) to a minimum of 5 min Ϯ 10 s (additional) to assess sporicidal activity (EN 13704:2002 [6] ). These tests, designed to assess the efficacy of biocides under practically relevant conditions, reveal little about the rate of kill of fast-acting biocides. It has been shown that novel, fast-acting biocides like ECAS can result in no recoverable bacterial survivors within 10 s (26) or immediately after mixing (9) . Moreover, when used to treat bacterial spores, ECAS produced a rate of kill too fast to be accurately measured (18) .
The use of the bacterial lux system reports the state of bacterial metabolism in real time. Indeed, at low concentrations of biocide or under conditions of high organic soiling, the oxygenation of the sample following injection resulted in an increase in light output throughout the assay period. This illustrates the sensitivity of the reporter strain to changing conditions. However, when challenging bioluminescent bacteria with fast-acting biocides, the emission of light is also an indicator of cell viability, as the biocides used are not limited to inhibition of metabolism but have gross effects on cellular constituents, including the lux enzymes. Ethyl alcohol causes interference with cellular metabolism but also causes membrane damage and rapid denaturation of proteins (22) . Chlorine-releasing agents such as bleach are powerful oxidizing agents, with the active moiety hypochlorous acid (HClO) inactivating bacterial proteins through oxidative unfolding (34) . The mechanism of activity of ECAS is not well understood, though its activity has also been attributed to the presence of HClO (16) and the contribution of a variety of oxidizing species (26) . Virkon is a complex peroxygen biocide (33) , and the mechanism of action of peroxygens is considered to be denaturation of cellular proteins (22) .
Since all four biocides tested are capable of inactivating bacterial proteins, bacterial luciferase is a potential target, and the rate of decrease in bioluminescence acts as an indicator of the speed at which these oxidative processes take place. Perhaps most surprising are the differences observed between bleach and ECAS. Electrochemically activated water-generating systems are known to produce different active species, dependent on electrode material (16) , and include HClO, free chlorine radicals, and a mixture of oxidizing substances (28) . In the absence of organic soiling, ECAS at 80% resulted in the greatest reduction in bioluminescence of all biocides tested and even at 1% produced a more rapid decline in bioluminescence than 1% or 10% bleach. The ECAS produced for this study contained approximately 100-fold less free chlorine than the equivalent dilution of bleach (data not shown), suggesting that there is a contribution from reactive species other than HClO or, alternatively, that ECAS is a far more efficient chlorine-releasing agent than bleach. However, ECAS was strongly inhibited in the presence of increasing organic soiling, which is concurrent with the results of previous work utilizing traditional methods (30) . Of all the biocides tested, ethanol was the least affected by organic loading. The 80% ethanol tested is within the optimum concentration range of 60 to 90% for bactericidal activity (22) , and the rate of decrease in bioluminescence was second only to that of 80% ECAS (clean conditions). This activity was retained even in the presence of 10% FBS, although the main disadvantages of alcohols as biocides (lack of sporicidal activity and flammability) mean that their use is situationally limited. The overall activity of Virkon was most similar to that of bleach over the time course of the assay. Despite the dilutions to 10% and 1% (vol/vol from prepared solution) being substantially below the recommended in-use concentration for Virkon, the assay was still capable of measuring efficacy at these levels.
This work describes the use of bacterial bioluminescence in assessing the efficacy of fast-acting biocides over very short time domains. The assay can also be extended to confirm complete metabolic inhibition of the reporter, as shown in Fig.  1a . This is, however, dependent upon experimental conditions, and a full range of controls must be performed in order to establish that bacterial bioluminescence is the only source of detectable light within the system, as light-bearing reactions between certain biocides and the organic soil were detected (Fig. 1b) .
This study has demonstrated that recombinant bacteria expressing the P. luminescens lux genes are capable of acting as whole-cell biosensors to report on the relative efficacies of fast-acting biocides. The bioluminescence-based assay is useful in comparing the relative efficacies of biocides immediately upon contact with bacteria and is also useful in quickly assessing the impact of organic soiling. Our findings have shown that even among biocides with similar mechanisms or with common active agents, there are substantial differences in their activity during the very early phase of kill. These differences are not measurable using traditional methodologies. The use of luminescent reporter bacteria, coupled with rapid and sensitive detection, offers a unique mechanism for monitoring the activity of biocides in real time. This assay allows the rapid comparison of the relative efficacies of fast-acting biocides immediately upon application. This has the potential to further inform our understanding of the mechanism and kinetics of microbial kill.
